Summary Jatropha curcas L. belonging to the Euphorbiaceae is becoming a significant crop in tropical areas nowadays. The genetic diversity among 1 African and 5 Asian varieties were analyzed by multicolor fluorescence in situ hybridization (McFISH) using 5S and 45S ribosomal RNA genes (rDNAs). One locus of 5S rDNA and 2 loci for 45S rDNA were detected at specific regions of the chromosomes in all the materials. Also, telomeric repeats (TTTAGGG) n were localized on the terminal regions of all chromosomes. The present results confirm the stability of these major repeated sequences among Jatropha lines.
The genus Jatropha includes species having many attributes of economic and environmental value (Fairless 2007) . Jatropha curcas L. is an oil-bearing tree thought to be native to Central America and now planted both in Africa and Asia. This plant meets the expectations of growing interest for renewable energy resources. The oil produced from J. curcas can be easily converted to liquid biofuel which fulfils American and European quality standards (Berchmans and Hirata 2008, Modi et al. 2007) . Furthermore the plant itself prevents soil erosion and can be cultivated by low income farmers (Francis et al. 2005) . Even though a lot of effort is put into the cultivation of this shrub, little is known about its genome diversity and possible ways of breeding.
Genome sizes in plants differ greatly due to the presence of different amounts of repeat DNA sequences (Bennetzen 1996) . Two basic types of organizations have been observed from the viewpoint of repeat sequences. One is tandem repeated sequences, and the other is interspersed repeated sequences. Tandem repeat sequences include several types of repeat sequences, such as satellite DNA, 2 kinds of ribosomal RNA genes, (rDNA)-45S and 5S rDNA, and telomeric repeats (Lapitan 1992) . rDNA belongs to a highly conserved repeat sequence family with hundreds of copies and locates on 1 or more pairs of chromosomes (Pedersen and Linde-Laursen 1994) . Tandemly repeated sequences are also excellent cytological markers for karyotyping, especially in species with small chromosomes (Hasterok et al. 2001) . FISH is undoubtedly the most versatile and accurate technique for the physical mapping of repeat sequences on specific chromosomes. McFISH, which can locate different probes simultaneously, is an important tool for constructnig FISH karyotypes and has already been applied in many plant species, such as rice and Lotus japonicus (Shishido et al. 2000 , Ito et al. 2000 .
Previous analysis on J. curcas showed that the chromosome number is 2nϭ22 (Soontornchainaksaeng and Jenjittikul 2003) . The size of these chromosomes is reported to range from 1.24 to 1.71 mm, with the nuclear genome size close to 430Mb. 5 of them are metacentric and 6 are submetacentric (Carvalho et al. 2008) .
So far a few molecular characterizations of J. curcas, using RAPD, AFLP, SSR markers and phylogenetic analysis based on ITS sequence of rDNA, have been reported (Pamidimarri et al. 2008a, b) . However the genomic distribution of rDNA loci of Jatropha species has not been studied. In this report, the physical mapping and genomic distribution of 5S and 45S rDNAs on somatic metaphase chromosomes are investigated by McFISH. The results present the precise genomic distribution of rDNAs and evidence for molecular karyotype studies of J. curcas.
Materials and methods

Plant material and cytology
J. curcas seeds from China, Indonesia, Thailand, Uganda and 2 different accessions from Philippines were used in this study. Seeds were germinated on wet filter paper in petri dishes at room temperature. Root tips approximately 1 cm long were collected for chromosome preparations. They were treated with 2 mM 8-hydroxyquinoline for 3 h and fixed in Farmer's fluid (ethanol : acetic acid, 3 : 1) for at least 16 h. Chromosomes were spread following the enzymatic maceration/air drying method described previously Iijima 1991, Fukui 1996) . Root tips were washed with distilled water and macerated in 50 ml of enzymatic mixture [2% (w/v) Cellulase Onozuka RS (Yakult), 5% (w/v) Pectolyase Y-23 (Seishin Pharmaceutical Co.) in 1ϫPBS; pH 6.8] at 37°C for 30-90 min. Pieces 1 mm long were placed on glass slides, spread with forceps with a few drops of the fixative solution, exposed to steam over a water bath and air-dried.
Probe labeling
The telomere sequence (TTTAGGG) n was used to prepare the digoxigenin-labeled telomerespecific DNA probe. A biotin-labeled probe of 45S rDNA originating from rice plant was prepared using a nick-translation kit with biotin-16-dUTP (Roche Diagnostics GmbH, Mannheim, Germany). The final product was filtered using Wizard® SV Gel and PCR Clean-Up System Cytologia 74(2) M. Witkowska et al. (Promega). 5S rDNA probe was amplified and labeled with digoxigenin-11-dUTP (Roche) by the PCR labeling method (Ohmido et al. 1998) . The probe was prepared using J. curcas genomic DNA and plant 5S rDNA-specific primer sequences from Lotus japonicus: 5Ј-GATCGCATCCGTAAAGTTATGCGGG-3Ј and 5Ј-CGATCATACCAGCACTAATGCAC-CG-3Ј (Ito et al. 2000) . Additionally, the amplified 5S rDNA fragment was cloned into pGEM-T Easy vector (Promega) and the nucleotide sequence was analyzed using the ABI3100 system (Applied Biosystems Inc., Japan, Tokyo).
McFISH
The FISH procedure was slightly modified from that described previously by Ohmido and Fukui (1997) and Ohmido et al. (1998) . The slides were firstly dehydrated in 100% ethanol at 90°C for 2 min, denaturated in 70% formamide/2ϫSSC at 70°C for 4 min, dehydrated in cold 70% ethanol and 100% series for 5 min, and then air-dried. The hybridization mixture containing labelled probes in hybridization buffer (50% formamide, 2ϫSSC, 10% dextransulfate) was denatured at 95°C for 10 min and immediately cooled down on ice. 12 ml of hybridization mixture was put on each slide, covered with a coverslip and sealed with rubber solution (Kokuyo, Tokyo, Japan). Then the slides were incubated at 37°C for 2 d in a dark, moist chamber. After hybridization, the coverslips were removed, and the slides were washed in 50% formamide/2ϫSSC at 42°C 3 times for 5 min each and 0.1ϫSSC at 42°C 3 times for 5 min, each subsequently. To detect 5S rDNA digoxigenin-labeled probes and biotin-labeled 45S rDNA, the slides were incubated with 100 ml of 20 mg/ml Anti-digoxigenin-fluorescein isothiocyanate (FITC) Fab fragment (Roche) and 0.1% streptavidin-Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted in 4ϫSSC for 30-60 min at 37°C in a humid dark box. The slides were washed in 2ϫSSC at room temperature 3 times for 5 min each. To amplify the signals of probes, slides were incubated again with 100 ml of 1% FITC Anti-sheep IgG (Vector Laboratories, Burlingame, CA), 0.1% Streptavidin-Cy3 (Jackson ImmunoResearch Laboratories) in 4ϫSSC for 30-60 min at 37°C in a humid dark box. The slides were washed 3 times in 2ϫSSC for 5 min each at room temperature, then rinsed in distilled water briefly and air-dried in dark. Chromosomes were counter-stained with 1 mg/ml 4,6 diamidino-2-phenylindole (DAPI) in VectorShield (Sigma-Aldrich, St. Louis, MO). Images were acquired with a RT3 Spot camera (Diagnostic Instruments, Inc., Sterling Heights, MI) attached to BX60 epifluorescence microscope (Olympus, Tokyo, Japan). Green (FITC), red (Cy3) signals and blue (DAPI) fluorescence were captured independently and then merged into single images by imaging software (IP-Lab Spectrum TM and Adobe Photoshop ver. 9.0.2.)
Results and discussion
Cytology and general characteristics of J. curcas chromosomes
The following 2 experimental conditions were essential for collecting good metaphase chromosome spread of J. curcas. First, root tips pretreated in 2 mM 8-hydroxyquinoline for synchronization prior to the fixation was crucial for the collection of the metaphase chromosomes. Cold water treatment (24 h, 4°C) was not very suitable for the pretreatment of J. curcas chromosomes. Second, the concentration of the enzyme mixture during enzymatic maceration/air-drying (EMA) method provided even chromosome spreading without overlapping and with the complete chromosome set (2nϭ22). Different materials investigated in this study required different incubation times for digestion of cell walls.
The cytological features of J. curcas chromosomes are similar for all accessions examined in this study. Satellite regions were mostly found from one end of chromosomes, but some of them show 2 satellite-like structures at the both ends. There is essentially no variability in case of size, shape and the number of chromosomes. Prometaphase chromosomes stained with DAPI show a prominent uneven condensation along the chromosome. Condensed regions of the chromosomes were intensely stained while faint, unstable and small condensation at the telomeric, dispersed regions were slightly marked. Chromosomes at metaphase indicated almost uniform condensation pattern and observation of this phase of chromosomes were crucial because of the position of the satellites (Fig. 1) .
Physical mapping of 45S and 5S rDNAs
McFISH was applied for physical mapping of rDNAs in J. curcas chromosomes. So far, several accessions of the plant are available, but still little data concerning genetic variability of Jatropha has been reported (Martínez-Herrera et al. 2006 , Pamidimarri et al. 2008a . rDNAs of plants are genes coding for various ribosomal RNAs, including 5S and 45S rRNAs. Previous studies demonstrated that 45S rDNA is localized mainly on the nuclear organization region (NOR), while numbers of loci vary according to genetic variation among species (Fukui et al. 1994 , Shishido et al. 2000 , Ito et al. 2000 .
We used 45S rDNA originated from rice plant and 5S rDNA probe prepared from J. curcas genomic DNA (Philippines-2 variety). Fig. 2 shows the nucleotide sequence of cloned 5S rDNA (GenBank accession number FJ931463). The unit sequence is 158 bp and it has a relatively high homology with 5S rDNA genes of the majority of plant species.
The number of 5S and 45S rDNA loci was the same in all 6 accessions of J. curcas. The 5S rDNA sites were detected as green signals at the terminal position in 1 chromosome pair. The fluorescent signals on both chromosomes were usually the same in intensity as well as covered NOR. Weak, red signals of 45S rDNA were also mapped at the end on the short arm of terminal regions but on different chromosome pairs. Major locus of 45S rDNA was recognized at a satellite region, which is indicated by white arrows in Fig. 3 . More detailed image analysis on the location of 45S rDNA on the satellite regions after McFISH with 45S and 5S rDNA shows that it locates on the same chromosome as with the 5S rDNA sequence (Fig. 3) . 2 bright specific signals of 45S rDNA cover whole satellite regions as well as the short arm of satellite chromosomes. To confirm the result, we hybridized telomere repeats together with 45S rDNA probe and the connecting fiber of satellite chromosomes was investigated. Telomere signals were located at the ends of all 22 chromosomes where some of them were more intense than those on the others. Larger signals contain fusion of both ends of chromatids. Fig. 4 shows that telomere repeats were detected only at one end of satellite region and the opposite end of chromosome.
All of the 6 different accessions have the same number of 45S rDNA and 5S rDNA genes. one locus for 5S rDNA and 2 loci regarding 45S rDNA were detected as schematically shown on Fig. 5 . Genetic variability within the same species of the plants is a common phenomenon as it was reported before in case of L. japonicus and rice (Ito et al. 2000 , Shishido et al. 2001 . However, several varieties of J. curcas do not possess such wide diversity in worldwide accessions level. Since we did not find any apparent difference in number of 5S and 45S rDNA loci in all investigated accessions we can conclude that J. curcas varieties used in this study are stable at chromosomal level. This result also demonstrates that FISH would be an effective tool in the future J. curcas genome analysis.
